DESCRIPTION 



ELECTROMECHANICAL FILTER 

Technical Field 
[0001] 

The present invention relates to an electromechanical filter including 
a microvibrator as a resonator, a mechanism for exciting the microvibrator, 
and a quantum device for sensing a signal. 

Background Art 
[0002] 

With the spread of the information communication equipment such 
as the radio terminal, or the like, a frequency used in the communication is 
spreading increasingly over the broad band from several hundreds MHz for 
the cellular phone, or the like to several GHz for the wireless LAN, or the like. 
In the existing circumstances, the terminals corresponding to various 
communication systems respectively are used independently. In the future, 
the implementation of the radio terminal that is able to conform to various 
communication systems solely is expected. 
[0003] 

Also, in the wake of downsizing of the radio terminal, a 
miniaturization of passive parts such as the filter, and the like built in the case 
of the radio terminal is requested. Nowadays there exists the problem that a 
miniaturization of the filter is difficult, particularly a miniaturization of the filter 
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utilizing an electric resonance caused by an LC resonance circuit, or the like 
used often in radio communication is difficult because its resonator size 
depends on an electrical length. Now the filter looks for the new signal 
selecting principle. 
[0004] 

In such circumstances, the development of RF-MEMS filter 
fabricated by the MEMS (Micro Electro Mechanical Systems) technology is 
advanced swiftly. This RF-MEMS filter is an electromechanical filter using a 
mechanical vibration of a microvibrator. In this filter, an electrical oscillation of 
a high-frequency signal can be converted into the mechanical vibration of the 
microvibrator and then this mechanical vibration is converted again into the 
electrical oscillation to output an output signal. Therefore, as the advantage of 
this filter, it can be considered that its resonator size does not depend on an 
electrical length and thus a size reduction of the filter can be attained. Also, 
this filter can be built in an RF-IC because such filter can be manufactured by 
the process having a good affinity for the RF-IC. Thus, this RF-MEMS filter is 
expected as the technology that contributes largely to a size reduction of the 
radio portion. 
[0005] 

As the electromechanical filter using the microvibrator in the GHz 
band, the filter using a silicon substrate has been proposed (Non-Patent 
Literature 1 , for example). In this Non-Patent Literature 1, a circular-disk type 
microvibrator is constructed on the silicon substrate and then a band-pass 
filter whose center frequency is 1 .14 GHz is obtained by utilizing a mechanical 
resonance of the microvibrator. A signal filtering mechanism is that an 
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electrostatic force is generated between a driving electrode and the 
microvibrator by a high-frequency signal being input from a signal input port to 
the driving electrode, and the microvibrator is excited at a frequency of the 
high-frequency signal. When a signal having a mechanical self-resonance 
frequency of the microvibrator is input, the microvibrator is largely excited and 
a change of electrostatic capacity is caused by a change in distance between 
the microvibrator and a sensing electrode. Then, the mechanical vibration of 
the microvibrator is picked up by the sensing electrode as the electrical 
oscillation because a voltage V P is applied to the microvibrator, and a signal is 
output from the sensing electrode to the signal output port. Namely, only the 
signal of a frequency that is set by the self-resonance frequency of the 
microvibrator can be selectively output. 
[0006] 

Currently, an increase of an adaptive frequency and an increase of a 
Q value (Quality Factor) are being tried in a small-sized GHz band 
electromechanical filter. In order to attain a higher adaptive frequency, the 
self-resonance frequency of the microvibrator must be increased higher. For 
that purpose, a method of reducing a size of the microvibrator, a method of 
using a higher mode of the microvibrator, and the like are considered. 
In the case where a size of the microvibrator is to be reduced, when a 
miniaturization proceeds from micrometer order to nanometer order, 
amplitude of the vibration is reduced in the Angstrom order and comes close 
to a noise level of the quantum vibration or the thermal vibration. Therefore, 
the implementation of an ultrahigh-sensitivity vibration sensing method that 
makes it possible to measure a vibrational displacement at the quantum limit 
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is needed. 
[0007] 

Patent Literature 1: JP-T-1 0-51 2046 

Non-Patent Literature 1: J. Wang, et al., IEEE RFIC Symp., 8-10 
June, pp.335-338, 2003 

Disclosure of the Invention 
Problems that the Invention is to Solve 
[0008] 

However, when an increase of the self-resonance frequency of the 
microvibrator is tried, the amplitude of the vibration of the microvibrator is 
reduced at present. For this reason, such a problem exists that it is difficult to 
sense an infinitesimal change of the electrostatic capacity generated by the 
amplitude of the vibration as the electric signal output. In order to sense the 
infinitesimal vibration of the microvibrator with higher sensitivity, either a 
distance between the microvibrator and the sensing electrode must be 
reduced or a voltage V P applied to the microvibrator must be increased. For 
example, in the electromechanical filter set forth in Non-Patent Literature 1, 
when a circular-disk type microvibrator having a radius 20 urn and a thickness 
2 jxm is used, a distance between the microvibrator and the sensing electrode 
is 100 nm and the microvibrator is formed by the etching having a high aspect 
ratio in which a depth is set to 3 ^m. When it is tried from now on to get a 
finer distance between the microvibrator and the sensing electrode, such a 
situation is forecasted that the microvibrator reaches the limit of the 
manufacturing method. Also, there is the problem that the voltage V P applied 
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to the microvibrator is from 12.9 V to 30.54 V and this voltage is too high in 
the application of the radio terminal. Further, there is the problem that a noise 
figure is enhanced by using the high voltage V P . 
[0009] 

In order to attain a higher adaptive frequency of the 
electromechanical filter, a method of sensing the infinitesimal vibration of the 
microvibrator at the voltage V P applied to the microvibrator, which is adaptable 
to the radio terminal, within a distance between the producible microvibrator 
and the sensing electrode is needed. For that purpose, a method of sensing a 
change of a minute charge excited between the microvibrator and the sensing 
electrode and outputting it as an electric signal is needed. In Patent Literature 
1, a method of sensing the vibration by using MOSFET is disclosed. The 
configuration in this Patent Literature has the problem in the structure of the 
vibration sensing surface that opposes to the microvibrator. In the flat 
structure, a very small quantity of excited charge is scattered on the vibration 
sensing surface and thus a potential enough to control the MOSFET is not 
output. 
[0010] 

The present invention has been made in view of the above 
circumstances, and it is an object of the present invention to provide a fine 
and high-sensitivity electromechanical filter. 

Means for Solving the Problems 
[0011] 

Therefore, an electromechanical filter of the present invention aims at 
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implementing a fine and highly sensitive sensing by using a quantum device 
as a sensing portion, and includes a microvibrator that resonates with an 
input signal; and a sensing electrode arranged at a predetermined interval to 
the microvibrator; wherein a quantum device that senses a change in an 
electrostatic capacity between the microvibrator and the sensing electrode to 
output the change as an electric signal of the microvibrator is provided. 

According to this configuration, a fine amount of charges can be 
sensed and a high-sensitivity sensing can be implemented since the quantum 
device is used as the sensing portion. Here, the "quantum device" means a 

device constructed to sense a fine amount of charges, and indicates the 
quantum device containing a semiconductor device such as MOSFET, SET, 
or the like. In the method of injecting the charge into the conductive island of 
SET of the present invention, a voltage V P that needs a high voltage in the 
conventional electromechanical filter can be lowered since the SET can be 
controlled by the fine amount of charges. Also, the noise figure NF can be 
lowered because of the reduction of V P . 

[0012] 

Also, in the electromechanical filter of the present invention, the 
sensing electrode includes a charge exciting electrode formed on an 
insulating layer on a substrate, a projection structure formed on a face 
opposing to the microvibrator of the charge exciting electrode, and a potential 
sensing electrode formed on the charge exciting electrode via the insulating 
layer and connected to the projection structure. 

According to this configuration, the charges can be collected into the 
projection structure, the enlarged potential generated in a minute area 
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opposing to the microvibrator can be output, and the potential can be supplied 
to the gate of MOSFET via the potential sensing electrode. Also, a very small 
amount of charges can be supplied effectively to the conductive island 1 14 of 

the SET. 
[0012] 

Also, in the electromechanical filter of the present invention, the 
microvibrator has a driving electrode arranged at a predetermined interval to 
the microvibrator, and the microvibrator is excited by an electrostatic force 
generated between the microvibrator and the driving electrode. 

According to this configuration, the microvibrator can be easily 
displaced by using the method of using the inboard beam as the signal line, or 
the like. 
[0013] 

Also, in the electromechanical filter of the present invention, an input 
signal is input into the driving electrode. 

According to this configuration, the resonance frequency can be 
easily adjusted by adjusting the potential given to the driving electrode, and 
thus a tunable electromechanical filter can be constructed. 
[0014] 

Also, in the electromechanical filter of the present invention, the 
microvibrator is arranged in a magnetic field and is excited by a Lorentz force 
generated by the magnetic field. 

According to this configuration, the magnetic field passing through 
the microvibrator can be changed by the Lorentz force, and thus the direction 
of vibration can be easily changed. Therefore, flexibility in designing a layout 
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of the sensing electrode can be enhanced. 
[0015] 

Also, in the electromechanical filter of the present invention, an input 
signal is input into one end of the microvibrator. 

According to this configuration, the driving electrode provided 
separately in the prior art can be neglected. Therefore, the structure can be 
simplified and downsized much more. 
[0016] 

Also, in the electromechanical filter of the present invention, the 
quantum device is a MOSFET. 

According to this configuration, a fine charge can be sensed easily. 

[0017] 

Also, in the electromechanical filter of the present invention, the 
sensing electrode functions as a gate electrode of the quantum device. 

According to this configuration, the miniaturization of the device can 
be accomplished, and also a moving distance of the charge can be reduced to 
speed up an operation. 
[0018] 

Also, in the electromechanical filter of the present invention, the 
quantum device is an SET. 

According to this configuration, a fine charge can be sensed easily. 

[0019] 

Also, in the electromechanical filter of the present invention, the 
sensing electrode functions as a conductive island of the quantum device. 

According to this configuration, the miniaturization of the device can 
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be accomplished, and also a moving distance of the charge can be reduced to 

speed up an operation. 

[0020] 

Also, in the electromechanical filter of the present invention, the 
microvibrator and the quantum device are formed on a same substrate. 

According to this configuration, the downsizing can be attained much 

more. 
[0021] 

Also, in the electromechanical filter of the present invention, the 
microvibrator and the sensing electrode of the quantum device are formed of a 
same material. 

According to this configuration, the filter that is easily manufactured 
and has high reliability can be obtained. 
[0022] 

Also, in the electromechanical filter of the present invention, the 
sensing electrode of the quantum device is formed of a semiconductor 
material. 

According to this configuration, the quantum device can be formed 
by the same steps as the semiconductor, the conductive island, or the like. 
Therefore, simplification of the process and improvement of the reliability can 
be achieved by using the semiconductor material such as the doped silicon, 
or the like. 
[0023] 

Also, the electromechanical filter of the present invention further 
includes a signal amplifying unit provided to a signal output port side. 
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[0024] 

Also, the electromechanical filter of the present invention further 
includes a voltage adjusting unit for adjusting a voltage applied to the 
microvibratorto get a desired signal amplification factor. 
[0025] 

Also, the electromechanical filter of the present invention further 
includes a voltage adjusting unit for adjusting a gate voltage of the quantum 
device to get a desired signal amplification factor. 
[0026] 

Also, the electromechanical filter of the present invention further 
includes a circuit for restoring a signal by upconverting the signal that is 
downconverted to the signal output port side, and an adjusting unit for 
adjusting a source-drain voltage of the quantum device to optimize a mixed 
signal, wherein the quantum device is usable as a mixer. 
[0027] 

Also, in the electromechanical filter of the present invention, a 
plurality of microvibrators are coupled mechanically. 

According to this configuration, the bandwidth (band width) of the 
resonance frequency of the microvibrator and the Q factor of the vibration can 
be controlled, so that the passing band, the cutting-off band, and the Q factor 
of the electromechanical filter can be controlled. 

In this manner, the electromechanical filter of the present invention 
has the microvibrator and the quantum device that senses the vibration of the 
microvibrator and outputs it as the electric signal. Therefore, a high-sensitivity 
sensing mechanism that is hard to realize in the prior art can be achieved. 
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According to this configuration, the high-sensitivity electromechanical 
filter having the signal filtering function can be realized. 

Advantages of the Invention 
[0028] 

As explained as above, according to the present invention, an infinitesimal 
vibration of the microvibrator can be sensed by using the quantum device. 
Therefore, the band-pass filter for selecting only a signal of a predetermined 
frequency to output the signal and the band-stop filter for selecting only a 
signal of a predetermined frequency to block the signal can be implemented. 

Brief Description of the Drawings 
[0029] 

[FIG.1] A view showing an electromechanical filter in Embodiment 1 of the 
present invention, wherein (a) is a perspective view showing a configuration of 

this electromechanical filter, and (b) is a circuit diagram showing the 

configuration of this electromechanical filter. 

[FIG.2] A view showing an electromechanical filter in a variation of 
Embodiment 1 of the present invention, wherein (a) is a perspective view 
showing a configuration of this electromechanical filter, and (b) is a circuit 
diagram showing the configuration of this electromechanical filter. 
[FIG.3] A band diagram of the electromechanical filter in the variation of 
Embodiment 1 of the present invention, wherein (a) is a band diagram of 
MOS junction (when a semiconductor (P-type) is employed), and (b) is a band 

diagram of MOS junction (when a semiconductor (N-type) is employed). 
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[FIG.4] A view showing the filtering characteristic of the electromechanical filter 
in Embodiments 1 to 4 of the present invention, wherein (a) is a view showing 
the band-pass filtering characteristic, and (b) is a view showing the band-stop 
filtering characteristic. 

[FIG.5] Sectional views explaining steps of manufacturing the 
electromechanical filter in Embodiment 1 of the present invention step by step. 
[FIG.6] Sectional views explaining steps of manufacturing the 
electromechanical filter in Embodiment 1 of the present invention step by step. 
[FIG.7] A view showing an electromechanical filter in Embodiment 2 of the 
present invention, wherein (a) is a perspective view showing a configuration of 
this electromechanical filter, and (b) is a circuit diagram showing the 
configuration of this electromechanical filter. 
[FIG.8] A view showing an electromechanical filter in a variation of 
Embodiment 2 of the present invention, wherein (a) is a perspective view 
showing a configuration of this electromechanical filter, and (b) is a circuit 
diagram showing the configuration of this electromechanical filter. 
[FIG.9] A band diagram of SET of the electromechanical filter in Embodiments 
2 and 4. 

[FIG. 10] A view showing an electromechanical filter in Embodiment 3 of the 
present invention, wherein (a) is a perspective view showing a configuration of 
this electromechanical filter, and (b) is a circuit diagram showing the 
configuration of this electromechanical filter. 

[FIG.11] A view showing an electromechanical filter in Embodiment 4 of the 
present invention, wherein (a) is a perspective view showing a configuration of 
this electromechanical filter, and (b) is a circuit diagram showing the 
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configuration of this electromechanical filter. 
[FIG. 12] A view showing a configuration of a sensing electrode of an 
electromechanical filter in Embodiment 5 of the present invention, wherein (a) 
is a top view showing a configuration of this sensing electrode, and (b) is a 
sectional view showing the configuration of this sensing electrode. 

Designation of Reference Numerals and Signs 

[0030] 

100, 200, 300, 400, 500, 600 electromechanical filter 

101 microbibrator 

102 driving electrode 
103,103b sensing electrode 

1031 charge exciting electrode 

1032 potential sensing electrode 
1033 projection structure 

104 source electrode 

105 drain electrode 

106 semiconductor 

107 (gate) insulating film 

108, 111, 1034 insulating layer 

109 post 

110 spacer 
112 substrate 

113 photoresist 

114 conductive island 

115 gate electrode 
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116 charge 

Best Mode for Carrying Out the Invention 
[0031] 

Respective embodiments of the present invention will be explained 
in detail with reference to the drawings hereinafter. 
(Embodiment 1 ) 

An electromechanical filter in Embodiment 1 of the present invention 
is shown in FIG. 1. 

FIG.1(a) is a perspective view showing schematically a configuration 
of the electromechanical filter in Embodiment 1 of the present invention, and 
FIG.1(b) is an equivalent circuit diagram of the same. 

In this electromechanical filter 100, posts 109, a microbibrator 101 
bridged between the posts 109, a spacer 110, and a driving electrode 102 
provided on the spacer 1 10 are arranged on a substrate 1 12 on a surface of 
which an insulating layer 1 1 1 is formed. A signal input port IN for inputting a 
signal is connected to the driving electrode 102. When a high-frequency 
signal is input, a potential difference is generated between the driving 
electrode 102 and the microbibrator 101 and then an electrostatic force is 
applied to the microbibrator 101 at the same frequency as the high- frequency 
signal. A potential of the microbibrator 101 is controlled by the voltage V P 
applied to the microbibrator 101. 
[0032] 

A sensing electrode 103 for sensing a displacement of the movable 
electrode 101 as a change of the electrostatic capacity is provided in the 
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vicinity of the movable electrode 101. The sensing electrode 103 constitutes 
a gate electrode of a MOSFET (Metal Oxide Semiconductor Field Effect 
Transistor) that consists of a source electrode 104, a drain electrode 105, a 
semiconductor 106, and a gate insulating film 107, all of which are provided 
on an insulating layer 108. Then, a signal output port OUT for outputting a 
signal to the outside is connected to the drain electrode 105. The sensing 
electrode 103 acting as the gate electrode is formed on one side surface of 
the semiconductor 106 (formed of an amorphous silicon layer) via the gate 
insulating film 107. 
[0033] 

Next, a method of sensing the vibration of the microbibrator and a 
signal filtering mechanism in this electromechanical filter 100 will be explained 
hereunder. 

FIG. 1(b) is a circuit diagram showing the configuration of the 
electromechanical filter in Embodiment 1 of the present invention. The signal 
being input from the signal input port IN propagates to the driving electrode 
102 and excites the microbibrator 101 at a frequency of the high-frequency 
signal. The microbibrator 101 is excited at a large amplitude only when the 
signal of the self-resonance frequency of the microvibrator 101 is input, and a 
distance between the microvibrator 101 and the sensing electrode 103 is 
changed to result in a change of an electrostatic capacity C R . The vibration 
direction of the microvibrator 101 is indicated by V. At that time, an amount of 
change in the charge generated between the microvibrator 101 and the 
sensing electrode 103 is given by AQ=V P AC R , where AC R is an amount of 
change in the electrostatic capacity Cr. 
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[0034] 

The smaller the amplitude of the vibration of the fine microvibrator 
101 becomes, the smaller an amount of change in the charge AQ becomes. 
Thus, the vibration sensing method in the conventional electromechanical filter 
to sense directly an amount of change in the charge AQ is hard to pick up the 
signal. Therefore, in the electromechanical filter 1 00 of the present invention, 
a new system for inputting a very small amount of change in the charge AQ 
sensed by the sensing electrode 103 into a gate potential of the MOSFET and 
sensing the change in the charge AQ as a change in a drain current to output 
the signal is introduced. 
[0035] 

The sensing electrode 103 acts as the gate electrode of the 
MOSFET. A very small amount of change in the charge AQ sensed by the 
sensing electrode 103 excites the charge on the boundary between the gate 
insulating film 107 and the sensing electrode 103. A band diagram of MOS 
junction is shown in FIG.3. When a P-type semiconductor is employed as a 
semiconductor 106 constituting a channel that is provided between the source 
electrode 104 and the drain electrode 105 (FIG.3(a)), a depletion layer is 
formed on the boundary between the gate insulating film 107 and the 
semiconductor 106. In this case, carriers (holes) having the opposite polarity 
are induced on the semiconductor 106 side by the charges that are excited on 
the boundary between the sensing electrode 103 and the gate insulating film 
1 07, and thus the depletion layer is reduced. Also, when an N-type 
semiconductor is employed as the semiconductor 106 (FIG.3(b)), a potential 
of the sensing electrode 103 falls down relatively from the semiconductor 106 
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by the charges that are excited on the boundary between the sensing 
electrode 103 and the gate insulating film 107, and thus a band structure of 
the semiconductor 106 is deformed to be pulled toward the lower energy side 
on the boundary to the gate insulating film 1 07. According to this 
phenomenon, a conduction band E c overlaps partially with a Fermi level E F of 
the semiconductor 106 and the depletion layer on the boundary between the 
gate insulating film 107 and the semiconductor 106 is reduced. When a 
reduction of the depletion layer of the semiconductor 106 is brought about in 
this manner, a source-drain current flows by a source-drain voltage V S d 
applied between the source electrode 104 and the drain electrode 105 and 
then the signal is output to the drain electrode 105. A switching of this signal 
is generated at the frequency at which an amount of change in the charge AQ 
sensed by the sensing electrode 103 as the gate electrode is changed, and 
the frequency is equal to the self-resonance frequency of the microvibrator 
101 . In other words, only when the signal of the self-resonance frequency of 
the microvibrator 101 is input from the signal input port IN, the signal of the 
same frequency is output to the signal output port OUT. 
[0036] 

FIG.4(a) is a view showing the signal filtering characteristic of the 
electromechanical filter in Embodiment 1 of the present invention. The 
electromechanical filter can have the band-pass filter characteritic with a 
center frequency fc. 

In this manner, according to the electromechanical filter 100, a size 
reduction can be easily achieved and also the only the signal of a 
predetermined frequency can be selectively output. 
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[0037] 

Next, a variation of Embodiment 1 of the present invention will be 
explained hereunder. FIG.2(a) is a perspective view showing schematically a 
variation of the electromechanical filter shown in FIG.1. A difference of this 
variation from Embodiment 1 is that a circular disk is used in an 
electromechanical filter 200 shown in FIG.2(a) as the microvibrator 101 in 

contrast to the inboard beam used in the electromechanical filter 100. 
FIG.2(b) is a circuit diagram showing the variation of the electromechanical 
filter in FIG.1 . The signal filtering can be performed by the similar 

configuration to the electromechanical filter 100. 

[0038] 

In the electromechanical filter 200 in FIG.2(a), the same names and 
the same symbols are affixed to the portions similar to those in the 
electromechanical filter 100 shown in FIG. 1(a), and their explanation will be 
omitted herein. 

In this manner, a cantilever, a square plate, or the like can be used 
as the microvibrator 101 in addition to the above. 

As shown in FIG.4(b), the electromechanical filter in Embodiment 1 
of present invention can be formed to have the band-stop filtering 
characteristic having a center frequency fc. The filter showing the band-stop 
filtering characteristic having a center frequency fc can be provided by 
connecting in series the electromechanical filters each having the band-pass 
filtering characteristic with the center frequency fc shown in FIG.4(a). 
[0039] 

Also, a power amplifier for amplifying a power of the output signal, or 
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the like may be provided on the signal output port OUT side. 

Also, the voltage V P applied to the microvibrator 101 can be adjusted 
to get a maximum signal amplification factor. 

Also, a signal passing band can be controlled by coupling 
mechanically plural pieces of microvibrators. 
[0040] 

Also, a multi-stage filter configuration in which the electromechanical 
filters of the present invention are connected in parallel or in series can be 
constructed. 
[0041] 

Next, a method of manufacturing the electromechanical filter 100 will 
be explained hereunder. 

In this case, FIG.1 and FIG.2 are perspective views showing 
schematically the electromechanical filter respectively, wherein the gate 
insulating film 107 and the sensing electrode 103 are formed only on the 
sidewall side of the semiconductor 106. In following processes, the gate 
insulating film 107 and the sensing electrode 103 are formed to slightly 
overlap with the semiconductor 106, so that disconnection or short-circuit can 
be prevented by allowing a margin. 

FIG.5(a) to 5(d) and FIG.6(e) to 6(i) are sectional explanatory views 
explaining steps of manufacturing the electromechanical filter 100 in 
Embodiment 1 of the present invention step by step. 

First, as shown in FIG.5(a), the surface insulating layer 1 1 1 is formed 
on the substrate 1 12 by depositing a silicon oxide film of 20 nm film thickness 
by the thermal oxidation. Then, a silicon oxide film of 200 nm film thickness 
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serving as the insulating layer 108, the posts 109, and the spacer 110 is 
formed by the CVD (Chemical Vapor Deposition) method. Then, a doped 
amorphous silicon film of 80 nm film thickness serving as the microvibrator 
101 and the semiconductor 106 is deposited thereon by the CVD method. 
Here, the doping is applied to adjust a conductivity of the semiconductor and 
a carrier density. For example, boron as a P-type impurity or phosphorus as 
an N-type impurity is doped by the ion implantation method, or the like after 
the silicon film is formed, and thus the doped amorphous silicon film can be 
formed. Also, this doping possesses an effect of lowing an impedance of the 
vibrator. In this case, the doped amorphous silicon film can be formed while 
doping the impurity during the film formation. Also, first the amorphous silicon 
film may be formed, and then the polysilicon may be formed by annealing the 
amorphous silicon to get the polycrystal. Here, the substrate 112 is not 
limited to the silicon substrate, and a compound semiconductor substrate 
formed of gallium arsenide (GaAs), or the like may be employed. Also, the 
insulating layer 1 1 1 made of the silicon oxide film that is formed by the 
thermal oxidation may be formed by the CVD method or the sputtering, and 
also other insulating film such as a silicon nitride film, or the like may be 
employed. 
[0042] 

Then, the microvibrator 101 and the semiconductor 106 are formed. 

As shown in FIG.5(b), a photoresist pattern R1 is formed on the 
doped silicon layer used as the microvibrator 101 and the semiconductor 106 
later. Then, this photoresist pattern R1 is patterned by the electron beam 
lithography, the photolithography, or the like. Then, the amorphous silicon 
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layer exposed from the photoresist pattern is patterned by the dry etching. 
Thus, the microvibrator 101 and the semiconductor 106 acting as the channel 
of the MOSFET are formed. 
[0043] 

Then, the insulating film 107 is formed. 

As shown in FIG.5(c), the photoresist R1 is removed by the ashing, 
and then a silicon oxide serving as the gate insulating film 107 of the MOSFET 
is sputtered or deposited by the CVD method. Then, the photoresist is coated 
again on the insulating film 107, and then a photoresist pattern R2 is formed 
by patterning the photoresist by means of the electron beam lithography, the 
photolithography, or the like. As shown in FIG.5(d), the insulating film 107 is 
patterned by the dry etching. In addition to the silicon oxide film, a silicon 
nitride film, an NO film or an ONO film as a laminated film consisting of a 
silicon oxide film and a silicon nitride film, a ferroelectric film made of barium 
titanate (BaTi0 3 ), strontium titanate (SrTi0 3 ), or the like may be employed as 
the insulating film 107. 
[0044] 

Also, a memory function can be provided by using the ferroelectric 
film as the gate insulating film. 
[0045] 

Then, the photoresist R2 is removed by the ashing, and then the 
driving electrode 102, the sensing electrode 103, the source electrode 104, 
and the drain electrode 105 are formed. In this case, if the insulating film 107 
is left only on the sidewall of the semiconductor 106 by applying the 
anisotropic etching after the photoresist R2 is removed, a gate width can be 
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set over the whole film thickness of the semiconductor 106. 

As shown in FIG.6(e), a metal material such as aluminum, or the like 
is deposited by the sputtering method, then a photoresist R3 is coated 
thereon, and then the photoresist R3 is patterned by the electron beam 
lithography, or the like. 
[0046] 

Then, as shown in FIG.6(f), the driving electrode 102, the sensing 
electrode 103, the source electrode 104, and the drain electrode 105 are 
formed by dry-etching the metal material. Then, the photoresist R3 is 
removed by the ashing. 
[0047] 

Here, the driving electrode 102, the sensing electrode 103, the 
source electrode 104, and the drain electrode .105 can be formed by the lift-off 
method. Also, the metal material is not limited to the aluminum, and other 

material such as gold, copper, or the like may be employed. 

[0048] 

Then, the microvibrator 101 is formed. 

In order not to damage the portions except the etched portion by the 
etching that is applied to form a hollow structure of the microvibrator 101, a 
protection layer is provided. For example, as shown in FIG. 6(g), the 
photoresist is coated and then patterned by the electron beam lithography, the 
photolithography, or the like, and thus a photoresist pattern R4 is formed. 
[0049] 

Then, as shown in FIG.6(h), the insulating material is removed under 
the conditions that has selectivity to the silicon constituting the microvibrator 
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101 , so that the microvibrator 101 is released in the air. As an etchant, HF, or 
the like is used. 

Finally, the photoresist R4 is removed by the ashing. Thus, as 
shown in FIG.6(i), the movable electrode 101 portion having the hollow 
structure is formed. 
[0050] 

In this event, when it is secured that the high-frequency signal is not 
affected by the loss caused by the substrate 1 12, the formation of the 
insulating layer 1 1 1 can be omitted. 
[0051] 

Also, in addition to the amorphous silicon, the semiconductor such 
as single crystal silicon, polysilicon, gallium arsenide, or the like, the metal 
such as aluminum, gold, copper, or the like, the superconductor, or the like 
may be employed as the material of the microvibrator 1 01 . Also, the 
microvibrator 101 is formed by the same steps as the semiconductor 106 
constituting the channel of the MOSFET, but the steps may be varied. For 
example, the microvibrator 101 can be formed by the same steps as the 
source-drain electrode, or the like. In this case, a desired impurity density 
may be obtained by doping the impurity separately in the subsequent step. 
[0052] 

In above Embodiment 1 , the sensing electrode 103 as the gate 
electrode is formed to cover the side surface and the upper surface of the 
semiconductor 106. In this case, as shown in the schematic view of FIG.1 , 
the sensing electrode 103 as the gate electrode may be arranged only on one 
side surface of the semiconductor 106 via the gate insulating film 107. 
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[0053] 

In manufacturing, an oxidizing process is applied to the 
circumference of the semiconductor 106 that is formed integrally in a state 
that the semiconductor 106 contacts the source-drain electrode, and then the 
sensing electrode 103 can be easily formed to cover both side surfaces and 
the upper surface via the gate insulating film 107. 

Also, in above Embodiment 1 , the gate insulating film 107 is formed 
by the anisotropic etching to leave the sidewall, as shown in FIG.6(d), after 
the patterning of the gate insulating film 107. In this case, the semiconductor 
106 (preferably the semiconductor should be formed integrally with the area 
acting as the source electrode 104 and the drain electrode 105) and the 
microvibrator 101 are patterned in the step in FIG.5(b), and then the insulating 
film is formed by the deposition of the surface oxidation as the gate insulating' 
film 107. Then, the sensing electrode 103 is formed as the gate electrode and 
patterned, then the gate insulating film 107 is patterned while using the 
sensing electrode 103 as a mask, and then the source electrode 104 and the 
drain electrode 105 are formed by the ion diffusion or the ion implantation. As 
a result, the lithography step applied to pattern the gate insulating film can be 
omitted. 
[0054] 

With this arrangement, the number of the alignment steps can be 
reduced by one step and also the process can be simplified. 
[0055] 

(Embodiment 2) 

FIG.7(a) is a perspective view showing a configuration of an 
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electromechanical filter in Embodiment 2 of the present invention. 

In an electromechanical filter 300 shown in FIG.7(a), the 
microvibrator 101 is formed similarly to that in Embodiment 1 and has a 
feature that SET (Single Electron Transistor) is used as the sensing element 
in place of the MOSFET. Remaining portions are formed similar to 
Embodiment 1. More particularly, the microvibrator 101 bridged between the 
posts 109 and the driving electrode 102 provided on the spacer 1 10 are 
provided on the substrate 1 12 on the surface of which the insulating layer 1 1 1 
is formed. The signal input port IN is connected to the driving electrode 102. 
When the high-frequency signal is input, a potential difference is generated 
between the driving electrode 102 and the microvibrator 101 and an 
electrostatic force is applied to the vibrator at the same frequency as the 
high-frequency signal. A potential of the microvibrator 101 is controlled by the 
voltage VP that is applied to the microvibrator 101 . 
[0056] 

The sensing electrode 1 03 is provided in the vicinity of the 
microvibrator 101 as the movable electrode. The sensing electrode 103 is 
connected to a conductive island 1 14 of the SET (Single Electron Transistor) 
that consists of the source electrode 104, the drain electrode 105, the 
insulating film 107, the conductive island 1 14, and a gate electrode 115. The 
signal output port OUT for outputting the signal to the outside is connected to 
the drain electrode 105. 
[0057] 

Next, the method of sensing the vibration of the microvibrator and 
the signal filtering mechanism in the electromechanical filter 300 will be 
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explained hereunder. 

FIG.7(b) is a circuit diagram showing the configuration of the 
electromechanical filter in Embodiment 2 of the present invention. The signal 
being input from the signal input port IN propagates to the driving electrode 
102 and excites the microbibrator 101 at a frequency of the high-frequency 
signal. The microbibrator 101 is excited at a large amplitude only when the 
signal of the self-resonance frequency of the microvibrator 101 is input, and a 
distance between the microvibrator 101 and the sensing electrode 103 is 
changed to result in a change of an electrostatic capacity C R . The vibration 
direction of the microvibrator 101 is indicated by V. At that time, an amount of 
change in the charge generated between the microvibrator 101 and the 
sensing electrode 1 03 is given by AQ=V P AC R , where AC R is an amount of 
change in the electrostatic capacity Cr. 
[0058] 

The smaller the amplitude of the vibration of the fine microvibrator 
101 becomes, the smaller an amount of change in the charge AQ becomes. 
Thus, the vibration sensing method in the conventional electromechanical filter 
to sense directly an amount of change in the charge AQ is hard to pick up the 
signal. Therefore, in the electromechanical filter 300 of the present invention, 
a new system for sensing a very small amount of change in the charge AQ 
sensed by the sensing electrode 103 by the SET to output the signal is 
introduced. 

The conductive island 1 14 is electrically separated by a gate 
electrostatic capacity C RG as a low electrostatic capacity formed between the 
gate electrode and the conductive island 1 14 via a gap, and high-resistance 
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tunnel junctions formed between the source electrode 104 and the drain 
electrode 105 via the insulating film 107. A current flowing between the 
source electrode 104 and the drain electrode 105 can be controlled by the 
charge excited in the conductive island 1 14 in unit of a charge e of a single 
electron. A band diagram of the SET is shown in FIG.9. The SET is a 
high-sensitivity electrometer. 
[0059] 

The vibration of the microvibrator 101 is sensed by the sensing 
electrode 103 that is connected to the microvibrator 101 by the capacitive 
coupling, and excites an amount of change of charge AQ in the conductive 
island 1 14 of the SET. An amount of change of the charge AQ is infinitesimal. 
When the charge whose amount is countably small is excited in contrast to the 
charge e of a single electron in the conductive island 1 14 of the SET, an 
electron state of the conductive island 1 14 is changed. Thus, in the quantized 
and discrete electron band structure of the conductive island 1 14, the electron 
is blocked or not blocked by the conduction band. This phenomenon is 
dominated by the Pauli exclusion principle. This principle dictates that only 
two electrons can occupy the same energy level as the Fermi particle. In the 
SET, the signal is output to the drain electrode 105 by the source-drain 
voltage V SD applied between the source electrode 104 and the drain electrode 
105. In this case, the source-drain current flowing between the source 
electrode 104 and the drain electrode 105 is changed depending upon a 
change of the electron state of the conductive island 1 14 of the SET caused 
by the vibration of the microvibrator 101 . A switching of this signal is 
generated at the frequency at which an amount of change in the charge AQ 
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sensed by the sensing electrode 103 connected to the conductive island 1 14 
is changed, and the frequency is equal to the self-resonance frequency of the 
microvibrator 101. In other words, only when the signal of the self-resonance 
frequency of the microvibrator 101 is input from the signal input port IN, the 
signal of the same frequency is output to the signal output port OUT. 
[0060] 

Like Embodiment 1 , the electromechanical filter 300 in Embodiment 
2 of the present invention can get the signal filtering characteristic shown in 
FIG.4(a), and possess the band-pass filter characteristic having a center 
frequency fc. 

In this manner, according to the electromechanical filter 300, only 
the signal of the predetermined frequency can be selected and output. Also, 
in the method of injecting the charge into the conductive island of the SET in 
the present invention, the voltage VP that needs a high voltage in the 
conventional electromechanical filter can be lowered because the SET can be 
controlled by a small amount of charge. Also, the noise figure NF can be 
lowered because of a reduction of VP. 

Also, in Embodiment 2 of the present invention, as shown in FIG.2(a) 
and (b) of the variation of Embodiment 1, the microvibrator 101 can be formed 
by the circular disk, like a variation shown in FIG.8(a) and (b). 
[0061] 

FIG.8(a) is a perspective view showing a variation of the 
electromechanical filter in FIG.1 . The inboard beam is used as the 
microvibrator 101 in the electromechanical filter 300, while the circular disk is 
used in an electromechanical filter 400 shown in FIG.8(a). FIG.8(b) is a 
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circuit diagram showing the variation of the electromechanical filter in FIG.1. 
The signal filtering can be performed by the similar configuration to the 
electromechanical filter 100. 
[0062] 

In the electromechanical filter 400 in FIG.8(a), the same names and 
the same symbols are affixed to the portions similar to those in the 
electromechanical filter 100 shown in FIG.7(a), and their explanation will be 
omitted herein. 

In this manner, the cantilever, the square plate, or the like can be 
used as the microvibrator 101 in addition to the above. 

As shown in FIG.4(b), the electromechanical filter in Embodiment 2 
of present invention can be formed to have the band-stop filtering 
characteristic having the center frequency fc shown in FIG.4(a). 
[0063] 

Also, the power amplifier for amplifying a power of the output signal, 
or the like may be provided on the signal output port OUT side. 
Also, the voltage VP applied to the microvibrator 101 can be adjusted to get 
the maximum signal amplification factor. 

Also, the signal passing band can be controlled by coupling 
mechanically plural pieces of microvibrators. 

Also, the multi-stage filter configuration in which the 
electromechanical filters of the present invention are connected in parallel or 
in series can be constructed, configuration 
[0064] 

Also, a gate voltage VG can be adjusted to get the maximum signal 
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amplification factor. 

Also, when the SET is constructed to use the low frequency of 1 kHz 
or less, for example, such SET can be used as a mixer. In this case, the 
voltage of a local oscillator is input from the gate electrode 1 15 at a frequency 
fLO that is offset from the frequency (the self-resonance frequency of the 
microvibrator 101) of the sensed signal by an intermediate frequency f iF of 1 
kHz or less, and a signal of the intermediate frequency f )F =l f L o-fl is output 
from the drain electrode 105 to the signal output port OUT. When the 
vibration of the microvibrator 101 is sensed in this manner, a circuit for 
restoring the output signal while upconverting the frequency from f (F to f is 
needed on the signal output port side. Also, it is desirable that the 
source-drain voltage V SD should be adjusted to optimize the mixed signal. 
[0065] 

(Embodiment 3) 

Next, Embodiment 3 of the present invention will be explained 
hereunder. 

In Embodiment 1 , the signal input port IN is constructed by the 
driving electrode 102. In contrast, in the present embodiment, the input port 
IN is connected directly to the microvibrator and then the microvibrator is 
excited by a Lorentz force instead of the electrostatic force. FIG.10(a) is a 
perspective view showing a configuration of an electromechanical filter in 
Embodiment 3 of the present invention. 

In the electromechanical filters 100, 200 in Embodiment 1, the 
microvibrator 101 is excited by the electrostatic force. In contrast, in an 
electromechanical filter 500 shown in FIG.10(a), the exciting method is 
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different and the microvibrator 101 is excited by the Lorentz force. Remaining 
portions are formed similarly to those in Embodiment 1. 
[0066] 

Next, a method of exciting the microvibrator in the electromechanical 
filter 500 will be explained hereunder. 

An external magnetic field H is applied to the microvibrator 101 such 
that the Lorentz force is applied to the microvibrator 101 in the direction along 
which the vibration is generated. The vibration direction of the microvibrator 
101 is indicated by V, but a vector direction of the external magnetic field H is 
perpendicular to the substrate in this case. When the high-frequency signal is 
input from the signal input port IN and this high-frequency signal causes an 
alternating current to flow through the microvibrator 101 , the Lorentz force is 
applied to the microvibrator 101 by the alternating current and the external 
magnetic field H. The direction of the Lorentz force is switched alternately 
based on the direction of the alternating current, but the frequency 
corresponds to the frequency of the high-frequency signal. In this fashion, the 
Lorentz force is applied to the microvibrator 101 by the high-frequency signal, 
and thus the microvibrator 101 is excited. 
[0067] 

Next, the method of sensing the vibration of the microvibrator and 
the signal filtering mechanism in the electromechanical filter 500 will be 
explained hereunder. 

FIG.10(b) is a circuit diagram showing the configuration of the 
electromechanical filter in Embodiment 3 of the present invention. The signal 
being input from the signal input port IN propagates to the microvibrator 101 , 
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and then excites this microvibrator 101 at the frequency of the high-frequency 
signal. The microbibrator 101 is excited at a large amplitude only when the 
signal having the self-resonance frequency of the microvibrator 101 is input, 
and a distance between the microvibrator 101 and the sensing electrode 103 
is changed and thus a change of an electrostatic capacity C R is caused. 
Subsequent explanations are similar to those in Embodiment 1. 
[0068] 

(Embodiment 4) 

FIG.11(a) is a perspective view showing a configuration of an 
electromechanical filter in Embodiment 4 of the present invention. 

In Embodiment 2, the signal input port IN is constructed by the 
driving electrode 102. In the present embodiment, the input port IN is 
connected directly to the microvibrator, and the microvibrator is excited by the 
Lorentz force instead of the electrostatic force. The remaining configuration is 
formed similarly to that of Embodiment 2. 
[0069] 

More particularly, in an electromechanical filter 600 shown in 
FIG. 1 1(a), the microvibrator 101 put between the posts 109 is provided on the 
substrate 1 12 on the surface of which the insulating layer 1 1 1 is formed. The 
signal input port IN for inputting the signal is connected to the microvibrator 
101 . A potential of the microvibrator 101 is controlled by the voltage VP 
applied to the microvibrator 101. 

The sensing electrode 103 is provided in the vicinity of the movable 
electrode 101 . The sensing electrode 103 is connected to the conductive 
island 1 14 of the SET (Single Electron Transistor) that consists of the source 
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electrode 104, the drain electrode 105, the insulating film 107, the conductive 
island 1 14, and the gate electrode 115, which being provided on the insulating 
film 108. The signal output port OUT for outputting the signal to the outside is 
connected to the drain electrode 105. 
[0070] 

FIG.1 1 (b) is a circuit diagram showing the configuration of the 
electromechanical filter in Embodiment 4 of the present invention. 

Since the signal input portion is similar to that in Embodiment 3 and 
the configuration of the sensing portion is similar to that in Embodiment 2, 
their explanations will be omitted herein. 
[0071] 

(Embodiment 5) 

FIG. 12(a) is a top view showing a configuration of a sensing 
electrode of an electromechanical filter in Embodiment 5 of the present 
invention. 

A sensing electrode 103b shown in FIG. 12(a) is composed of a 

charge exciting electrode 1031 and a potential sensing electrode 1032. The 
potential sensing electrode 1032 is branched off in two portions in the middle, 
and is formed on the charge exciting electrode 1031 via an insulating layer 
1034 and is connected to a projection structure 1033 that opposes to the 

microvibrator 101 . The potential sensing electrode 1032 is connected to the 

gate of MOSFET or the conductive island 1 14 of the SET 

[0072] 

The charges have such a property that they come together in a 
minute area and have a stable state in energy. Therefore, charges 1 1 6 
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excited by the vibration of the microvibrator 101 on the charge exciting 
electrode 1031 come together in the projection structure 1033. Since an area 
in which the projection structure 1033 and the microvibrator 101 oppose to 
each other is very small, the enlarged potential can be output to the gate of 
MOSFET even by the same amount of charges. 

Also, according to this configuration, a very small amount of charges 
can be supplied effectively to the conductive island 1 14 of the SET. 
[0073] 

When the microvibrator 101 is a 1 GHz band vibrator having a width 
120 nm, a thickness 75 nm, and a length 1 y.m, a gap between the 
microvibrator 101 and the charge exciting electrode 1031 is 100 nm, a 
vibration amplitude of the microvibrator 101 in resonance is 1 Angstrom, an 
amount of excited charge is 10 e (e: elementary electric charge), and a width 
of the sensing electrode 103 opposing to the microvibrator 101 is 500 nm, the 
sensed potential is 0.5 V. In contrast, in the sensing electrode 103b in 
Embodiment 5 of the present invention, the potential can be ten times 
enlarged to 5 V when a width of the charge exciting electrode is set to 500 nm 
and a width of the potential sensing electrode is set to 50 nm. 
[0074] 

Here, the projection structure 1033 can be provided singly or in 
plural, and the projection structures 1033 can be provided at a distance within 
which the charges 1 16 can come together in the projection structure 1033, i.e., 
at an interval of several tens nm to several hundreds nm. Since the charges 
have such a property that they gather together in a minute area rather than a 
wide area, the projection structure 1033 may be shaped to have a minute 
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area in the peripheral area. In this case, a structure haying a sharp top end 
portion like a triangle is preferable in collecting the charges in a minuter area. 
[0075] 

FIG.12(b) is a sectional view showing the configuration of the 
sensing electrode of the electromechanical filter in Embodiment 5 of the 
present invention. 

The insulating layer 1034 is formed between the charge exciting 
electrode 1031 and the potential sensing electrode 1032 to give the electrical 
insulation between both electrodes. This structure can be manufactured 
similarly by the manufacturing method shown in Embodiment 1 and 
Embodiment 2, and steps of depositing and patterning the material are 
employed. In the formation of the projection structures 1033, the shape can 
be changed by varying the mask pattern while employing the same material 
as the potential sensing electrode 1032 and the same mask. 

Industrial Applicability 
[0076] 

The electromechanical filter according to the present invention can 
sense an infinitesimal vibration of the microvibrator by using the quantum 
device, and is useful as the electromechanical filter that has the 
high-frequency signal filtering function equipped with a high-sensitivity 
sensing mechanism. 
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